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Mesoporous Silica Nanoparticles Loaded with Surfactant: Low
Temperature Magic Angle Spinning 13C and 29Si NMR Enhanced by
Dynamic Nuclear Polarization
Abstract
We show that dynamic nuclear polarization (DNP) can be used to enhance NMR signals of13C and 29Si
nuclei located in mesoporous organic/inorganic hybrid materials, at several hundreds of nanometers from
stable radicals (TOTAPOL) trapped in the surrounding frozen disordered water. The approach is
demonstrated using mesoporous silica nanoparticles (MSN), functionalized with 3-(N-phenylureido)propyl
(PUP) groups, filled with the surfactant cetyltrimethylammonium bromide (CTAB). The DNP-enhanced
proton magnetization is transported into the mesopores via 1H–1H spin diffusion and transferred to rare
spins by cross-polarization, yielding signal enhancements εon/off of around 8. When the CTAB molecules are
extracted, so that the radicals can enter the mesopores, the enhancements increase to εon/off ≈ 30 for both
nuclei. A quantitative analysis of the signal enhancements in MSN with and without surfactant is based on a
one-dimensional proton spin diffusion model. The effect of solvent deuteration is also investigated.
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ABSTRACT: We show that dynamic nuclear polarization (DNP) can be used
to enhance NMR signals of 13C and 29Si nuclei located in mesoporous organic/
inorganic hybrid materials, at several hundreds of nanometers from stable
radicals (TOTAPOL) trapped in the surrounding frozen disordered water. The
approach is demonstrated using mesoporous silica nanoparticles (MSN),
functionalized with 3-(N-phenylureido)propyl (PUP) groups, ﬁlled with the
surfactant cetyltrimethylammonium bromide (CTAB). The DNP-enhanced
proton magnetization is transported into the mesopores via 1H−1H spin
diﬀusion and transferred to rare spins by cross-polarization, yielding signal
enhancements εon/off of around 8. When the CTAB molecules are extracted, so
that the radicals can enter the mesopores, the enhancements increase to εon/off
≈ 30 for both nuclei. A quantitative analysis of the signal enhancements in
MSN with and without surfactant is based on a one-dimensional proton spin
diﬀusion model. The eﬀect of solvent deuteration is also investigated.
1. INTRODUCTION
The self-assembly of surfactants in the presence of silica
precursors allows the synthesis of advanced materials, such as
mesoporous silica1−3 and mesoporous silica nanoparticles
(MSN)4,5 whose properties can be tailored toward applications
in drug delivery,5 sensors,2 photonics,1 and heterogeneous
catalysis.4 The structures of these systems depend on delicate
hydrophobic−hydrophilic equilibria involving the surfactant,
precursors and solvent. A better understanding of the
interactions between these components should allow one to
produce materials with an improved control of their
composition and structure.
Because it can give information on a local atomic scale, solid-
state nuclear magnetic resonance (SS-NMR) spectroscopy is
very well suited to the study of mesoporous materials.6−9
However, poor sensitivity limits the ability of conventional SS-
NMR to characterize surfaces containing nuclei with low
gyromagnetic ratios and/or low natural abundance, such as 13C
and 29Si. It has been shown recently that dynamic nuclear
polarization (DNP) can boost the sensitivity, particularly in
conjunction with magic angle spinning (MAS) at high magnetic
ﬁelds.10−21 Sensitivity enhancements of 1−2 orders of
magnitude have been achieved by impregnating dry meso-
porous materials without surfactants with aqueous solutions of
nitroxide biradicals, which can readily enter mesopores that
have diameters of a few nanometers.10−12,14,15
Received: October 12, 2012
Revised: December 20, 2012
Published: December 21, 2012
Article
pubs.acs.org/JPCC
© 2012 American Chemical Society 1375 dx.doi.org/10.1021/jp310109s | J. Phys. Chem. C 2013, 117, 1375−1382
Herein, we report enhancements achieved in MSN material
containing the templating surfactant cetyltrimethylammonium
bromide (CTAB) and functionalized with covalently bound 3-
(N-phenylureido)propyl (PUP). In contrast to surfactant-free
MSN, where the DNP enhancement of the 1H polarization may
be readily induced by radicals, such as TOTAPOL,23 that can
enter the mesopores, the radicals are prevented from entering
the mesopores of MSN if they contain CTAB, so that the 1H
polarization must diﬀuse over distances up to several hundreds
of nm before being transferred to 13C or 29Si nuclei via cross-
polarization (CP). The propagation of DNP-enhanced 1H
polarization via 1H spin diﬀusion has already been demon-
strated for heterogeneous blends of polymers,24 mesocrystals of
peptides,25 or very recently for microcrystalline organic solids.20
We shall show that polarization enhancements on the order of
εon/off ∼8 can be achieved “remotely” in surfactant-ﬁlled
mesopores.
2. EXPERIMENTAL SECTION
2.1. Synthesis of Materials and Structural Character-
ization. The MSN samples used in this study were synthesized
by a previously reported co-condensation method, which
includes functionalization with 3-(N-phenylureido)propyl
(PUP) groups.26,27 CTAB, sodium hydroxide, aniline and
mesitylene were purchased from Sigma-Aldrich, whereas
tetraethoxysilane (TEOS) and 3-isocyanatopropyl-triethoxysi-
lane were acquired from Gelest. All reagents were used as
received. 3-(N-Phenylureido)propyl triethoxysilane was ob-
tained by mixing 3-isocyanatopropyl triethoxysilane (0.50 mL)
with aniline (0.25 mL) in a screw-cap vial and stirring at room
temperature for 1 h. Simultaneously, CTAB (1.02 g), NaOH (2
M, 3.5 mL), and H2O (480 mL) were mixed and vigorously
stirred in a round-bottom ﬂask at 80 °C for 1 h. To the
resulting clear solution, TEOS (5.0 mL) was added dropwise
followed immediately by addition of the 3-(N-phenylureido)-
propyl triethoxysilane, forming a cream-colored precipitate.
The product was isolated by hot ﬁltration, washed with copious
amounts of water and methanol, and dried under vacuum at
room temperature to yield the surfactant-containing PUP-
functionalized MSN, which we shall refer to as dry-S-MSN.
Part of the material was subjected to surfactant extraction by
reﬂuxing with methanol in a Soxhlet apparatus. The resulting
surfactant-free solid product, with the PUP molecules attached,
was dried under vacuum at room temperature, and will be
referred to as dry-Ex-MSN.
The surface area and pore size distribution of dry-Ex-MSN
were measured by nitrogen sorption isotherms using a
Micromeritics Tristar analyzer, and calculated by the
Brunauer−Emmett−Teller (BET) and Barrett−Joyner−Halen-
da (BJH) methods. The sample displayed a type IV isotherm
typical of mesoporous materials (Figure S1, Supporting
Information) with a surface area of 518 m2.g−1, a pore volume
Vp = 0.59 cm
3.g−1 and a narrow pore size distribution with a
sharp maximum centered at 3.7 nm (Figure S2, Supporting
Information). Small-angle powder X-ray diﬀraction patterns
were obtained with a Rigaku Ultima IV diﬀractometer using a
Cu target at 40 kV and 44 mA. The Cu Kβ radiation was
removed using a monochromator. The pattern showed 100,
110, 200, and 210 reﬂections corresponding to a 2D hexagonal
array of mesopores characteristic of MCM-41 type materials
(Figure S3, Supporting Information). The particle size
distribution of MSN was determined by dynamic light
scattering in a Malvern Nano Zetasizer ZS90. The samples
were prepared by suspending the particles in ethanol (100
μg·mL−1) and sonicating in a bath ultrasonicator for 1 min. The
analysis indicated that 85% of the particles had hydrodynamic
diameters between 140 and 460 nm with the maximum of the
distribution centered at 220 nm (Figure S4, Supporting
Information). A transmission electron microscopy (TEM)
picture was obtained with a Tecnai G2 F20 electron
microscope operating at 200 kV (Figure 1a).
2.2. Sample Preparation for DNP Measurements. The
samples for solid-state DNP NMR experiments were prepared
at room temperature by impregnating dry-Ex-MSN and dry-S-
MSN with a 12.5-mM solution of TOTAPOL in H2O without
cryoprotectant such as glycerol. Water was preferred over other
solvents because it does not give any signals in 13C and 29Si
NMR. After saturating for a day, the materials were centrifuged
for 5 min at 12110 × g to remove excess solution. The
impregnated samples are referred to as Ex-MSN and S-MSN,
and are schematically represented in Figure 1, parts b and c,
Figure 1. (a) Transmission electron micrograph of a dry-Ex-MSN. (b)
Sketch of Ex-MSN where the aqueous solution of TOTAPOL can
penetrate into the mesopores. (c) Sketch of S-MSN functionalized by
covalently bound (PUP) and impregnated with the surfactant
(CTAB), so that the aqueous TOTAPOL solution cannot penetrate
into the mesopores. (d, e) Numbering of carbon atoms in 3-(N-
phenylureido)propyl (PUP) and cetyltrimethylammonium bromide
(CTAB).
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respectively. A matching pair of samples, designated Ex-MSN-
90/10 and S-MSN-90/10, was prepared in the same way using
12.5-mM TOTAPOL dissolved in a 90/10 (w/w) mixture of
2H2O and H2O. The concentration of TOTAPOL in all
samples was measured on a Bruker BioSpin ELEXYS E580E X-
band EPR spectrometer with 2 mW of microwave power, 0.5 G
amplitude modulation, and 4-amino-TEMPO as a reference.
Slow motion spectra were simulated with the EasySpin29
program to extract the hyperﬁne couplings with 14N nucleus,
the dipolar interaction between the two electrons of
TOTAPOL, and the rotation correlation time, τc. Longitudinal
electron relaxation times (T1e) were measured at 90 K using an
inversion recovery sequence.
2.3. DNP Measurements. The solid-state NMR experi-
ments were performed at 9.4 T (400 MHz for 1H) on a Bruker
BioSpin Avance III DNP NMR spectrometer equipped with a
triple resonance 1H/X/Y 3.2-mm low-temperature (ca. 100 K)
MAS probe and a 263-GHz gyrotron delivering a continuous
microwave power of about 5 W.18 The samples were placed in
3.2-mm sapphire rotors since this material is nearly transparent
to microwaves at 263 GHz.30 The microwave irradiation is
highly nonuniform over the sample.31 However, the regions
experiencing high microwave magnetic ﬁelds have spatial
dimensions (∼100 μm) that are much larger than the MSN
diameters (<1 μm).28 Therefore, we can assume that (i) the
regions irradiated by microwave have the same chemical
composition than the whole sample and (ii) the DNP
enhancement is uniform at the outer surface of S-MSN (see
section 3.5).
The 1H→ 13C and 1H→ 29Si CPMAS spectra were acquired
with the microwave irradiation “on” and “oﬀ” at a spinning
frequency νr = 10 kHz and the temperature T ∼ 100 K, which
was controlled using a Bruker BioSpin low-temperature cooling
system. The 1H 90° pulse duration was 2.5 μs and the CP
contact time was 1 ms. During the CP transfer, the 1H RF ﬁeld
amplitude was linearly ramped from 53 to 59 kHz, whereas the
RF amplitude was constant and equal to 46 kHz for both 13C
and 29Si. SPINAL-6432 proton decoupling was applied during
the acquisition with an 1H RF ﬁeld amplitude of 95 kHz. The
13C and 29Si spectra typically resulted from the accumulation of
512 to 1024 transients with a recovery delay of 1.3 s, leading to
total experimental times of 11 to 22 min. The 13C and 29Si
chemical shifts were referenced with respect to tetramethylsi-
lane (TMS) at 0 ppm.
3. RESULTS AND DISCUSSION
3.1. EPR Spectra of Ex-MSN and S-MSN. Figure 2
displays the experimental EPR spectra of Ex-MSN and S-MSN
taken at room temperature and the best-ﬁt simulations. The
spectra yield the overall concentration of TOTAPOL, cm, of
about 9.5 mM in both samples. The correlation times, τc = 410
and 63 ns for Ex-MSN and S-MSN, respectively, conﬁrm that
in Ex-MSN the TOTAPOL molecules are conﬁned within the
mesopores or even adsorbed on the silica surface,12 whereas in
S-MSN their motions are less restricted in the interparticle
voids. Furthermore, the maximum coupling is 7 MHz larger for
Ex-MSN than S-MSN. This coupling is equal to 2Azz + D,
where Azz is the secular hyperﬁne coupling constant with
14N
nucleus and D is the dipolar coupling constant between the two
unpaired electrons of TOTAPOL. The EasySpin simulations
indicate that the 7 MHz change in the maximum coupling
stems from a change in the D value. Therefore, the distance
between the two electrons is shorter in Ex-MSN than in S-
MSN, which indicates a change in the conformation of
TOTAPOL between the two samples. This change may be
related to the adsorption of TOTAPOL on the mesopore
surface in Ex-MSN. The T1e values of TOTAPOL in Ex-MSN
and S-MSN are identical and equal to 23 μs at 90 K.
3.2. 13C and 29Si Spectra of Ex-MSN and S-MSN. The
conventional and DNP-enhanced 1H → 13C and 1H → 29Si
CPMAS spectra of Ex-MSN and S-MSN are shown in Figure 3.
The 13C resonances are assigned to carbon atoms of PUP and
CTAB (see numbering in Figure 1). The methoxy groups
(−OMe) result from washing the sample with methanol. The
signals CC3 and CC4 in (a) represent the methylene groups in
residual CTAB molecules remaining in the pores after the
extraction. Other carbon resonances in CTAB, which are clearly
visible in (b), are dominated in (a) by the signals of PUP. The
29Si spectra feature the expected broad lines ascribed to silicon
sites Q2 ((SiO)2Si(OX)2), Q
3 ((SiO)3SiOX), Q
4 ((SiO)4Si), T
2
((SiO)2SiROX with R = PUP, X = H or Me), and T
3
((SiO)3SiR with R = PUP). No line broadening was observed
in the DNP-enhanced spectra of Ex-MSN and S-MSN because
in both samples the CP process is only eﬀective for 13C and 29Si
nuclei that are not directly aﬀected by the unpaired electrons of
TOTAPOL.33
Also shown in Figure 3 are the enhancement factors,
εon/of f(
13C, 29Si), deﬁned as the ratio of signal intensities with
and without microwave irradiation. Furthermore, we deter-
mined that in both samples the 1H polarization build-up time
with microwave irradiation, τDNP(
1H), was identical to the 1H
longitudinal relaxation time, T1(
1H). We measured τDNP(
1H) =
T1(
1H) = 1.1 and 0.8 s for Ex-MSN and S-MSN, respectively.
The fact that τDNP(
1H) is equal to T1(
1H) was observed in
other systems22,34,35 when using biradical polarizing agents such
as TOTAPOL. The cross-eﬀect (CE) DNP mechanism,23,36
which prevails for biradicals, leads to τDNP(
1H) ≈ T1(1H),
37
whereas τDNP(
1H) < T1(
1H) is expected for the DNP
mechanisms involving the so-called thermal mixing or solid
eﬀects.34,37 Since the evolution of proton polarization with and
without microwave irradiation is governed by the same time
constant (τDNP(
1H) = T1(
1H)), the resulting CPMAS signal
exhibits the same dependence with respect to the recovery
delay, τRD, between two successive experiments. Hence, the
Figure 2. X-band continuous wave EPR spectra of (a) Ex-MSN and
(b) S-MSN recorded at room temperature with the corresponding
best ﬁt.
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enhancement factor εon/of f does not depend on τRD. To
maximize the sensitivity, the spectra of Figure 3 were recorded
with τRD ≈ 1.3 T1(1H).
38
All 13C signals of Ex-MSN show the same enhancement
εon/of f(
13C) = 30 ± 3. Similar ratios εon/of f(
29Si) = 32 ± 2 were
obtained for all 29Si signals. Since the TOTAPOL cannot
penetrate into the mesopores, it is not surprising that S-MSN
exhibits smaller enhancements, but the ratios εon/of f(
13C) = 8.2
± 0.2 and εon/of f(
29Si) = 7.5 ± 1.0 are all the more remarkable.
The large experimental errors stem from the low signal-to-noise
ratio of the spectra obtained without microwave irradiation (see
section II of the Supporting Information). The overall
enhancements are even higher if one compares (i) the signal
amplitudes of Ex-MSN ampliﬁed by DNP at 100 K with (ii) the
conventional CPMAS spectrum of dry-Ex-MSN without DNP
at room temperature under otherwise similar conditions. In a
separate study,39 this comparison was made per scan and for a
given overall experimental time, after proper adjustments for
the Boltzmann factor, paramagnetic quenching and eﬀects of
T1(
1H) relaxation.
In the ensuing discussion, we ﬁrst consider the enhance-
ments εon/of f(
13C) and εon/of f(
29Si) in Ex-MSN and estimate the
polarization losses during 1H spin diﬀusion (section 3.3). In
section 3.4, we present an estimate of the polarization proﬁle
within S-MSN based on one-dimensional 1H spin diﬀusion in
the mesopores blocked by CTAB, which accounts for the
observed enhancement ratios εon/of f. Finally, in section 3.5, we
discuss the eﬀect of diluting H2O with
2H2O.
3.3. Polarization Transfer in Ex-MSN. The spectra in
Figure 3a,c show that polarization transfer by DNP enhances
the 13C and 29Si NMR signals of Ex-MSN impregnated with a
TOTAPOL solution by more than 1 order of magnitude.
The similarity between the εon/of f ratios for
13C and 29Si is to
be expected, since they both draw their polarization from the
1H bath, and polarization losses must be due to relaxation
during 1H spin diﬀusion. These losses can be estimated by
assuming that microwave irradiation transfers the polarization
of the unpaired electrons (via electron−proton coupling) to the
1H nuclei located close to the radicals, just outside the spin
diﬀusion barrier, rd.
40 The DNP-enhanced 1H polarization is
then distributed through the glassy solvent by spin
diﬀusion,20,25,41 which is very eﬃcient in Ex-MSN as
manifested by the absence of line narrowing for increasing
τRD and the monoexponential polarization build-up.
21 (In the
case of vanishing spin diﬀusion, as in direct DNP of 13C or 29Si
nuclei, line narrowing is usually observed upon increasing τRD,
as well as stretched exponential buildup of polarization.21,42)
We also note that at νr = 10 kHz,
1H spin diﬀusion is eﬀective
between water and silanol protons, since the diﬀerences in
isotropic chemical shifts between these sites are much smaller
than the eﬀective 1H−1H dipolar couplings.
The pores of Ex-MSN contain a three-dimensional network
of dipolar-coupled protons. However, for the sake of simplicity,
we consider a linear chain of protons with the same isotropic
chemical shift (Figure 4a) under steady-state conditions to
model the 1H spin diﬀusion between two adjacent TOTAPOL
Figure 3. Natural abundance CPMAS spectra of (a, b) 13C and (c, d) 29Si in (a, c) Ex-MSN and (b, d) S-MSN impregnated with a 12.5 mM
TOTAPOL solution in H2O. In parts a and b, the peaks labeled with ∗ correspond to spinning sidebands. In each subﬁgure, the DNP-enhanced and
standard spectra are labeled “on” and “oﬀ”, respectively. The spectra were acquired at a temperature of about 100 K using 3.2 mm sapphire rotors
spinning at 10 kHz, using a Bruker BioSpin Avance III NMR spectrometer operating at 9.4 T and equipped with a 263 GHz gyrotron. Additional
experimental parameters are given in section 2.3.
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molecules in Ex-MSN mesopores. Assuming that x = 0 halfway
between two TOTAPOL molecules, the edges of the spin
diﬀusion barrier are located at x = ± (dTotTot/2 − rd), where
dTotTot is the average distance between two TOTAPOL
molecules. At these edges, the 1H polarization is equal to a
constant value Peqε0, where Peq is the
1H polarization at thermal
equilibrium and ε0 is the steady-state enhancement produced
by microwave irradiation near the diﬀusion barrier. With these
boundary conditions, it can be shown that the polarization P(x)
of the protons between the two diﬀusion barriers is given by25
ε= −
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟P x P
x
DT H
d r
DT H
( ) cosh
( )
/cosh
2
2 ( )
eq
TotTot d
0 1
1
1
1 (1)
where D is the diﬀusion constant and T1(
1H) is the proton
spin−lattice relaxation time.
To quantify the polarization P(0) in Ex-MSN where the
radicals can penetrate into the mesopores, we estimate dTotTot
and the average 1H−1H distance dHH. The average value of
dTotTot, in nm, is given by
= − −d c N( 10 )TotTot m 27 A 1/3 (2)
where NA is Avogadro’s number and the overall TOTAPOL
concentration cm = 9.5 mM. Equation 2 yields dTotTot = 5.6 nm.
The average 1H−1H distance dHH in the frozen (undeuterated)
disordered water, also in nm, can be estimated as follows:
ρ
= −
−⎡
⎣
⎢⎢
⎤
⎦
⎥⎥d
n x N
M
2
( H) (H O)
(H O)
10HH
H O a
1
2 A
2
25
1/3
2
(3)
where the factor of 2 accounts for the number of protons in
H2O molecule, ρH2O is the density of frozen disordered water
within the Ex-MSN mesopores, na(
1H) = 99.988% is the 1H
natural isotopic abundance, x(H2O) is the molar fraction of
H2O (in %) in the frozen solution and M(H2O) is the molar
mass of water. The density of frozen water within the mesopore
is identical to that of common hexagonal ice, ρH2O = 0.93
g·cm−3.43,44 For x(H2O) = 100, eq 3 yields dHH = 0.25 nm.
We can now evaluate the radius of the spin diﬀusion barrier
rd and the diﬀusion constant D in eq 1. Since in the MSN the
longitudinal electron relaxation times, T1e, are shorter than the
transverse 1H relaxation times, T2(
1H), rd is given by
12,40
γ
γ
γ
≈
ℏ⎡
⎣
⎢⎢
⎛
⎝⎜
⎞
⎠⎟
⎤
⎦
⎥⎥r S B
S B
k T
d2d
e
H
S
e
HH
0
B
1/4
(4)
where S is the eﬀective quantum spin number for electrons in
TOTAPOL, γe and γH are the gyromagnetic ratios of electrons
and 1H nuclei, BS is the spin-dependent Brillouin function, ℏ is
the reduced Planck constant and kB is the Boltzmann constant.
The spin S is equal to 1/2 or 1 depending on the strength and
the type of coupling between the two unpaired electrons in the
TOTAPOL biradical. For Ex-MSN, eq 4 yields rd ≈ 0.6 nm for
S = 1/2 and 0.8 nm for S = 1.
The average dipolar coupling constant, bHH, in rad·s
−1
between two 1H nuclei at a distance dHH is given by
π
μ
π
γ
= −
ℏb
d2 4
HH H
HH
0
2
3
(5)
where μ0 is the vacuum permeability and all physical quantities
are expressed in SI units. In a spinning sample, the
corresponding eﬀective dipolar coupling νd expressed in Hz is
25
ν
π ν
= b
4d
HH
r
2
2
(6)
Figure 4. (a, c, e) Models of the samples; (b, d, f) corresponding
proton polarization proﬁles. (a, b) Model and proﬁle for a linear chain
of protons between two TOTAPOL molecules in a frozen glassy
solvent. The white spheres in part a represent the spin diﬀusion
barriers surrounding the TOTAPOL molecules. The protons located
inside the spin diﬀusion barrier are not shown, whereas small green
spheres represent those located outside. (c, d) Model and proﬁle for
DNP enhancements in the ‘outer crust’ of the S-MSN (scenario A1).
The white sphere represents the region located closer than 0.5 nm
from the outer surface. The individual mesopores are not depicted in
part c. In part d, the absolute value of coordinate r corresponds to the
distance from the center of the S-MSN. (e, f) Model and proﬁle for
pseudo-one-dimensional spin diﬀusion along the mesopores of S-MSN
(scenario A2). The schemes are not to scale. The symbols are deﬁned
in the text.
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The spin diﬀusion coeﬃcient, D, between 1H nuclei can be
estimated as24,25
πν=D dHH d2 (7)
Using eqs 3, 5, 6, and 7, we obtain D = 1.1 × 103 nm2·s−1 for
Ex-MSN, which is similar to the diﬀusion constants reported
for fully protonated peptide nanocrystals.25
Returning to eq 1, we can use the above values of D, dTotTot,
and rd to evaluate the polarization loss P(0)/Peqε0 due to
relaxation during 1H spin diﬀusion. For Ex-MSN, where
T1(
1H) = 1.1 s, this loss is below 1%. Thus, the polarization has
a very homogeneous proﬁle throughout the sample (Figure
4b). Consequently, the enhancement factor εon/of f, which is
proportional to the average 1H polarization, diﬀers from ε0
enhancement near spin diﬀusion barrier by less than 1% in Ex-
MSN. We can conclude that losses in polarization resulting
from 1H spin diﬀusion are negligible when the TOTAPOL
biradicals can penetrate into the mesopores. Furthermore, the
uniform 1H polarization throughout the sample entails identical
1H polarizations near various 13C and 29Si nuclei, and hence
identical εon/of f enhancements for
13C and 29Si CPMAS spectra,
as observed in Figure 3, parts a and c.
3.4. Polarization Transfer in S-MSN. As already noted,
long-range polarization transfer by DNP can also enhance 13C
and 29Si NMR signals in S-MSN, despite the fact that the
surfactant inhibits the penetration of the radicals into the
mesopores (Figure 3b,d). The 13C NMR spectra of S-MSN are
dominated by a resonance at 30 ppm representing the CC3 sites
in CTAB. This demonstrates the presence of the surfactant
within the mesopores, which inhibits the access of TOTAPOL,
relegating it primarily to the interparticle voids. Despite the fact
that the particles are several hundreds of nm across (Figure S4,
Supporting Information), the 13C and 29Si NMR signals of S-
MSN acquired with microwave irradiation are enhanced by
surprisingly large factors εon/of f(
13C) = 8.2 and εon/of f(
29Si) = 7.5,
respectively. In the following discussion, we show that this
observation cannot be explained by a DNP enhancement of
nuclei located within the ∼0.5 nm thick outer layer of the
MSN, but must result from spin diﬀusion of the DNP-
enhanced proton polarization from the surrounding frozen
solvent into the mesopores.
Assuming that the surfactant eﬀectively blocks the access of
TOTAPOL into the mesopores, we can calculate the
distribution of DNP-enhanced 1H polarization under two
antithetical scenarios: (A1) no 1H spin diﬀusion within the
mesopores of S-MSN; (A2) 1H spin diﬀusion through the
mesopores of the S-MSN owing to the presence of protonated
CTAB molecules.
The ﬁrst scenario A1 implies that DNP can only polarize 1H
nuclei located outside of the nanoparticles (Figure 4c). Since
the polarization transfer from 1H to 13C or 29Si is conveyed by
CP, this is limited to at most 0.5 nm in rigid spin systems, since
we have used short contact times τCP = 1 ms.
45 Therefore, the
13C or 29Si nuclei can be divided into two classes: (i) the
“outer” nuclei, located at a distance less than 0.5 nm from the
protons residing at the outer surface of the nanoparticles,
beneﬁt from DNP-enhanced polarization in CPMAS experi-
ments when the microwave ﬁeld is switched on, and (ii) the
“inner” nuclei hidden in the depth of the mesopores, which are
located at distance greater than 0.5 nm from the protons on the
outer surface, are not enhanced by DNP (Figure 4d). If the
MSN particles are assumed to be spherical with a diameter
dMSN, the molar fraction of ‘outer’
13C or 29Si nuclei xout is given
by
π π= =
⎛
⎝⎜
⎞
⎠⎟
⎡
⎣
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⎛
⎝⎜
⎞
⎠⎟
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d d
d
4
2
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4
3 2
3
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while the fraction of ‘inner’ nuclei is xin = 1 − xout. The
expected enhancement is thus
ε
ε
ε
‐ =
+ ‐
+
= + ‐ −
x P x P
x P x P
x
(S MSN)
(Ex MSN)
1 [ (Ex MSN) 1]
on off
in eq out eq on off
in eq out eq
out on off
/
/
/ (9)
where εon/of f(S-MSN) and εon/of f(Ex-MSN) are the DNP
enhancements for S-MSN and Ex-MSN, respectively. If
εon/of f(Ex-MSN) = 31, which is the average of the εon/of f(
13C)
and εon/of f(
29Si) ratios measured in Ex-MSN (Figure 3a, c), eqs
8 and 9 yield 1.2 < εon/of f(S-MSN) < 1.4 for 400 > dMSN > 200
nm. Moreover, these values are upper estimates for εon/of f(S-
MSN), considering the short-range of CP transfers. Clearly,
these estimates are not consistent with the experimental results
shown in Figure 3b, d.
We now investigate the validity of scenario A2. In S-MSN,
the mesopores are blocked so that TOTAPOL cannot enter the
mesopores and the DNP-enhanced 1H polarization can be only
distributed into the bulk of the S-MSN via spin diﬀusion among
the protons located in the mesopores. Again, these protons
form a three-dimensional network. However, since the length
of the pores is larger by about 2 orders of magnitude than their
radius we can safely assume that that the penetration of DNP-
enhanced 1H polarization into S-MSN is dominated by 1H spin
diﬀusion along the pore axis. Similar pseudo-one-dimensional
models have already been applied to the analysis of DNP-
enhanced 1H polarization in heterogeneous polymer blends or
peptide mesocrystals.24,25 To estimate the polarization losses
within the mesopores, we disregard the diﬀusion barrier, which
is much smaller than the average particle size (rd ≈ 1 nm ≪
dMSN ≈ 200−400 nm) and assume that the 1H polarization at
the outer surface of the nanoparticles is identical to that at the
spin diﬀusion barrier, Peqε0. If x = 0 at the nanoparticle’s center,
we can write
ε− = =
⎛
⎝⎜
⎞
⎠⎟
⎛
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⎞
⎠⎟P
d
P
d
P
2 2
MSN MSN
eq 0
(10)
The average 1H−1H distance, dHH, in the frozen surfactant
CTAB trapped in the mesopores is calculated to be
ρ
= =−
−⎡
⎣
⎢⎢
⎤
⎦
⎥⎥d
n H N
M CTAB
42
( )
( )
10 0.23 nmHH
CTAB a
1
A 25
1/3
(11)
where the factor of 42 represents the number of protons per
CTAB molecule, ρCTAB = 1.17 g.cm
−3 is the density of CTAB,46
and M(CTAB) = 364.45 g·mol−1 is the molar mass of CTAB.
Using eqs 5, 6 and 7, we obtain a spin diﬀusion coeﬃcient D =
1.6 × 103 nm2·s−1 for S-MSN, which is slightly larger than the
value D = 1.1 × 103 nm2·s−1 calculated from eq 7 for Ex-MSN.
In the steady state, the pseudo-one-dimensional model leads to
a distribution of 1H polarization in the mesopores given by an
expression similar to eq 1,
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where T1(
1H) = 0.8 s for S-MSN. According to the above
equation, we have 0.008 < P(0)/(Peqε0) < 0.13 for 400 > dMSN >
200 nm. In contrast to Ex-MSN, the 1H polarization in the
center of the surfactant-ﬁlled mesopores is strongly reduced
compared to that at the outer surface. An expression for the
average 1H polarization enhancement in the entire nanoparticle
is obtained by integrating P(x) from x = −dMSN/2 to dMSN/2,
which yields13
ε ε‐ =
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According to this model, the εon/off(S-MSN) enhancement is
only 36% of ε0 for dMSN = 200 nm and 18% of ε0 for dMSN = 400
nm. As previously, no signiﬁcant diﬀerence in the 1H
polarization is expected near the 29Si and 13C nuclei, as was
indeed observed (Figure 3b, d). These predicted εon/off(S-
MSN) values are also in very good agreement with the
experimental data in Figure 3. Indeed, with an average particle
size around dMSN = 300 nm (Figure S4, Supporting
Information), the εon/off(
13C) and εon/off(
29Si) ratios measured
in S-MSN are about 25% of those in Ex-MSN. Thus, the signal
enhancement observed in S-MSN can be rationalized by
assuming that the DNP-enhanced 1H magnetization is
transported through the mesopores via 1H−1H spin diﬀusion
before being transferred to rare spins through the CP process
(scenario A2 according to the model of Figure 4, parts e and f).
3.5. Polarization Transfer in Partially Deuterated
Solvents. The dry-Ex-MSN and dry-S-MSN samples were
impregnated with a 90/10 (w/w) 2H2O/
1H2O mixture, yielding
two new samples Ex-MSN-90/10 and S-MSN-90/10. The
observed line shapes were similar to those in Figure 3.
However, we measured reduced εon/off(
13C, 29Si) ratios (by
about a factor of 2) and a slower polarization build-up. This is
in agreement with earlier reports on similar materials,35 but
stands in contrast to the studies of small organic molecules or
proteins dissolved in partially deuterated solvents, where an
increased fraction of deuterium nuclei typically enhances the
sensitivity by transferring the electron polarization to a smaller
number of remaining 1H nuclei.18,47,48
The reduction of εon/off(
13C, 29Si) ratios induced by
deuteration in Ex-MSN-90/10 and S-MSN-90/10 cannot be
due to the reduction of the 1H mole fraction. The 1H
concentration in pure 1H2O is about 110 M, and is estimated to
be 60 M and 77 M in Ex-MSN and S-MSN, respectively, due to
the presence of a silica scaﬀold.28 These values exceed the 1H
concentration in samples of organic molecules dispersed in
partially deuterated cryoprotectants, such as [2H8]-glycer-
ol/2H2O/
1H2O (60/30/10 w/w/w), where DNP beneﬁts
from partial deuteration.18 Second, the reduction of the
εon/off(
13C, 29Si) ratios cannot be foreseen by using eq 7 to
calculate the spin diﬀusion coeﬃcient and extending the
analyses in sections 3.3 and 3.4 to a 90/10 mixture of 2H2O and
1H2O. Indeed, for Ex-MSN-90/10 eqs 3-7 yield dHH = 0.53 nm,
rd ≈ 1.4 nm (for S = 1/2) or 1.8 nm (for S = 1), and D = 49
nm2·s−1. Bearing in mind the longer relaxation time T1(
1H) =
1.4 s in Ex-MSN-90/10, we estimate from eq 1 that P(0) and
Peqε0 diﬀer by only ∼2%. However, the value D = 49 nm2·s−1 is
an upper bound for proton spin diﬀusion coeﬃcient since in
deuterated solvent, in the absence of 2H decoupling, the dipolar
heteronuclear 1H−2H couplings reduce the spectral overlap
between 1H spin packets and hence hinder the ﬂip-ﬂop process
between the 1H spins.49,50 The slower proton spin diﬀusion
owing to dipolar 1H−2H couplings should result in diﬀerence
larger than 2% between P(0) and Peqε0. Furthermore, water is a
nonglass-forming solvent and the presence of crystalline
domain boundaries can further impede the spin diﬀusion,25,51
especially within the interparticle voids. Finally, the T1(
1H)
values in Ex-MSN-90/10 and S-MSN-90/10 are considerably
shorter than those previously reported in partially deuterated
cryoprotectants (about 5 s),18,22 thereby requiring a higher 1H
density to ensure an eﬃcient distribution of the polarization.
4. CONCLUSIONS
We have shown that in samples spinning at the magic angle,
DNP can enhance 13C and 29Si signals of nuclei located within
the functionalized mesoporous silica nanoparticles, despite the
inability of TOTAPOL to penetrate into the mesopores. The
DNP enhancements were compared to those obtained for
samples where the surfactant had been extracted so that
TOTAPOL is free to enter the mesopores. The DNP
enhancements in the presence of surfactant were consistent
with predictions based on a one-dimensional 1H spin diﬀusion
model. Similar mechanisms can be used to remotely enhance
the signals in other organic−inorganic hybrid systems, at
distances on the order of the characteristic diﬀusion length
((DT1(
1H))1/2). The DNP enhancements can in principle be
improved by using better biradicals such as bCTbk.15 DNP thus
oﬀers new opportunities for the study of organic−inorganic
hybrid materials, including the self-cooperative assembly of
surfactants and the properties of catalytic centers.
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